Abstract: Empirical mode decomposition (EMD) denoising method based on principal component analysis (PCA) is proposed for the denoising of nonlinear and non-stationary signals. Based on the decomposition characteristics of EMD, PCA is used to remove the noise in intrinsic mode function (IMF) decomposed by EMD nonlinear and non-stationary signals. Firstly, detailed information of the first IMF layer is extracted by using the "threeσ rules", and the energy of noise in each IMF layer is estimated. Then the IMF is transformed by PCA and the appropriate number of principal components is selected to be reconstructed according to noise energy in IMF layers so as to remove the noise.
Introduction
In order to improve the denoising ability of EMD, an EMD denoising method based on PCA is proposed in this paper, and the main idea is to accurately estimate the noise energy of each IMF layer according to the decomposition characteristics of EMD [1] . Then, PCA is used to decompose the various layers of the IMF, and appropriate number of principal component components according to the energy proportion of the noise in the IMF are chosen to be reconstructed so as to effectively remove the noise in the IMF [2] . The method proposed in this paper takes into account the characteristics of the noise contained in the IMF, and threshold value is in no need to be calculated in the process. Moreover, the integrity of modal unit can be maintained better [3] .
Extraction of Detailed Information by Using the Three σ Rules
In the original EMD denoising algorithm, it is generally assumed that the first IMF layer is made up of noise, and the noise energy of other IMF layers is deduced accordingly. But as the research progresses, it is found that there is still a certain amount of signal detail information [4, 5] To extract signal detail information of 1 imf after proper treatment, it's found that the noise removal effect is improved and the noise estimation of the rest IMF layers is more accurate. However, due to the lack of prior knowledge, it is difficult to deal with it. It is known from EMD research that 1 imf holds the much noise, but with only a few signal details, and the noise still approximately obeys the 0 mean normal distribution, so it is very suitable to use the "threeσ rules" to extract the detailed information [6] . According to Equation (1) σ is estimated by using the method in Reference [7] , which is 2 1 ( ) 0.6745
, here HH represents high frequency sub band wavelet coefficients of 1 imf .
Estimation of Noise Energy in Various IMF Layers
After using "threeσ rules" to extract detailed information of 1 imf , ] 1 [ W , the noise energy of 1 imf can be expressed as Equation (1).
Suppose the noise energy of 
The Use of PCA in Removing Noise from imf
PCA is an adaptive decomposition method, in which the main components are not correlated after signals are decomposed by PCA, and after principal components selected according to the energy contribution are reconfigured, denoising effect can be strengthened and information of most of the main signal features can be retained. For imf k ( 2 ≥ k ), after decomposed by PCA, signal and noise can be effectively separated. To better remove noise of imf k , appropriate number of principal components must be chosen to be reconstructed. Usually, the number of principal components are defined by the accumulated contribution rate r , which is expressed as ( H represents the number of principal components). But it's quite hard to select r .1) when r is too big, more noise will remain, which may make noise fail to be completely removed; when r is too small, more signal details will be lost; 2) noise in each IMF layer is not the same, so the cumulative contribution rate r cannot take a fixed value when using PCA to remove noise. In order to better remove the noise, based on the proportion of the noise energy contained in k imf , an adaptive method to determine the cumulative contribution rate is proposed in this paper. It's inferred from Equation (1) that imf y n , , , ,0, ,0 P p p p
( H is the number of principal components) to remove noise contained in X k , and then the denoised signal is shown in Equation (3).
Here the deleted noise form X k is shown in Equation (4).
Suppose noise energy of X k and ΔX k are ( ) X ε and ( ) ΔX ε respectively, it is generally considered that the first several principal components contain the main characteristic information of the signal, while the latter principal components are mainly composed of noise. And according to the contribution rate of the principal component to the total energy, the number of the principal components should be retained. Therefore, when using PCA to remove noise, if the appropriate number of principal components is selected, the energy of the deleted noise ΔX k is the same as that of the noise contained in X k . That is
It can be considered that the noise contained in X k is basically removed and the noise removal effect is met. The above formula is equivalent to Equation (5).
According to the orthogonality of Equation (2), it's found that
The energy of the signal X k is shown in Equation (6).
The energy of the deleted noise ΔX k can be expressed as Equation (7).
According to Equation (8) and (9), the ratio of the energy to the deleted noise ΔX k and to X k is
∑ ∑ . Therefore, to make sure the noise in X k to be completely removed, a suitable H should be selected to ensure the reliability of
In this paper, the following method is used to define H : if there is β that makes Equation (10) holds water, then β
After the number of principal components H is defined, X k  the denoised signal of X k can be calculated according to Equation (5) . Since there is ( )
X =imf imf
The specific steps of EMD denoising algorithm based on PCA in this paper are detailed. Step1 Decompose signal ( ) x t by EMD, and suppose the decomposed IMF is
The remainder is r K .
Step2 Use the "threeσ rules" to extract the signal detailed information, and suppose extracted detailed information is ) and the remainder r K , and the signal ( ) x t  after denoising is obtained.
Conclusion
An empirical mode decomposition (EMD) denoising method based on principal component analysis (PCA) is proposed for the denoising of nonlinear and non-stationary signals. Based on the decomposition characteristics of EMD, PCA is used to remove the noise in intrinsic mode function (IMF) decomposed by EMD nonlinear and non-stationary signals.
